Objective: To verify whether the accuracy of data on myocardial function provided by pulsed-wave tissue Doppler imaging (PWTDI), a new echocardiographic application that allows quantitative measurements of myocardial wall velocities, could help towards a better understanding of the natural history of acromegalic cardiomyopathy. Design: Eighteen patients with active acromegaly (ten men and eight women; mean age 48.0 6 15.0 years) with no other detectable cause of heart disease underwent PWTDI. Thirteen healthy individuals matched for age and body mass index acted as a control group. Methods: Ejection fraction (EF), transmitral early/late diastolic velocity (E/A) ratio and isovolumic relaxation time (IVRT) were measured by conventional echocardiography; systolic peak (Sv) and early (Ev) and late (Av) diastolic peak velocities, Ev/Av ratio and regional IVRT (IVRTs) were obtained by PWTDI. Results: All patients showed appreciably abnormal left ventricular global diastolic function represented by prolongation of the IVRT (P < 0.001). Using PWTDI we found a prolongation of IVRTs and inversion of the Ev/Av ratio. In addition, the Ev/Av ratio proved to be signi®cantly negatively correlated with IVRT; this correlation was not present in the case of the E/A ratio. Furthermore, a decrease in Sv was detected in the basal segment of the lateral wall (P < 0.01), which had the greatest degree of diastolic dysfunction. Conclusions: PWTDI con®rmed the acknowledged diastolic dysfunction that accompanies acromegalic cardiomyopathy and highlighted the greater sensitivity of regional PWTDI with respect to global Doppler diastolic indexes. Furthermore, by revealing an impairment of regional systolic function in presence of a normal EF, the ®ndings with PWTDI contradicted the largely accepted theory that systolic function remains normal for several years in patients affected by acromegalic cardiomyopathy.
Introduction
In acromegaly, an excess of growth hormone (GH) stimulates the growth of various tissues (1) . At the cardiac level, GH induces hypertrophy with interstitial myocardial ®brosis via direct and insulin-like growth factor-I (IGF-I)-mediated mechanisms (2, 3) . Cardiac hypertrophy in acromegaly involves both ventricles simultaneously and is initiated in the absence of any increase in wall stress. As a consequence, wall stress may be decreased, which is at variance with the other forms of hypertrophy (2) . In time, a speci®c cardiomyopathy with cardiac decompensation and arrhythmias (2, 4) may result. Echocardiographic studies of acromegalic patients have shown that the heart is involved from the early stages of the disease (5) and that, in the subclinical phase, left ventricular (LV) systolic function is normal, whereas diastolic function is impaired (6, 7) .
Pulsed-wave tissue Doppler imaging (PWTDI), an echocardiographic method recently developed (8) , allows quantitative measurements of the myocardial contraction and relaxation velocities of a selected myocardial segment to be obtained. The present study aimed to verify whether PWTDI could contribute towards a better understanding of the natural history of acromegalic cardiomyopathy, through its enhanced sensitivity to diastolic dysfunction, and identifying preliminary regional signs of systolic dysfunction, before the appearance of clinical symptoms of cardiac decompensation.
Participants and methods

Study population
Eighteen outpatients with active acromegaly (ten men and eight women, mean ( 6 S.D.) age 48.0 6 15.0 years, range 30±72 years) took part in the study. Diagnosis had been con®rmed on the basis of typical clinical features and on the demonstration of a resting fasting serum GH concentration >10 ng/ml, not suppressed ($ 2 ng/ml) after an oral glucose load. Increased ageadjusted plasma IGF-I concentrations were also documented in all the patients. At the time of examination, they all had serum GH $ 5.0 ng/ml (mean 6 S.D. = 29.8 6 21.7, range of 5.0±83.0 ng/ml; assessed as the mean of at least 10 samples over 24 h) ( Table 1 ). The plasma GH concentration was measured by radioimmunoassay using a commercially available kit (CIS bio international; Gif-sur-Yvette, France). The plasma IGF-I concentration was assayed using an immunoradiometric method (DSL; Diagnostic System Laboratories, Webstern, TX, USA). Normal laboratory ranges for both men and women were: 122±400 ng/ml between the ages of 19 and 39 years, 75±306 ng/ml from 40 to 54 years, 48±225 ng/ml for those older than 55 years. In all patients, imaging of the pituitary was obtained by computed tomography or magnetic resonance, showing a macroadenoma in all. Endocrine study documented a pure GH-secreting adenoma in ®fteen of the patients and GH/prolactin (PRL)-secreting adenoma in three: GH-secreting pituitary adenoma (twelve patients), GH-and PRL-secreting pituitary adenoma (two), GH-secreting pituitary macroadenoma (three), GH-and PRL-secreting pituitary macroadenoma (one patient). Table 1 shows the clinical data pertaining to the acromegalic patients and normal controls. All patients were affected by active acromegaly at the time of the study (duration of disease since onset of symptoms 6.3 6 7.3 years). Three were newly diagnosed (over the 5 months immediately after the onset of symptoms) and had not yet been prescribed any pharmacological treatment. Fifteen of those with acromegaly had previously been unsuccessfully treated with surgery, radiotherapy and bromocriptine (single or in combination). Seven of the acromegalic patients (mean age 59 6 10 years) were affected by borderline (two) or mild (®ve) hypertension that had been successfully treated with antihypertensive drugs. Thirteen healthy individuals with mean age, body mass index and a ratio of men to women comparable to that of the acromegalic patients acted as the control group. All the normal controls were normotensive. Neither acromegalic patients nor the normal controls were characterized by high total cholesterol and low-density lipoprotein, diabetes, obesity or habitual smoking.
Study procedure
The study was approved by the Ethics Committee of our University. Informed consent was obtained from all participants, who were familiarized with the instrumentation and the medical environment before undergoing testing. Besides the conventional techniques of M-Mode and two-dimensional echocardiography, all patients underwent PWTDI in order to obtain quantitative evaluation of the regional systolic/diastolic function. Tests were performed using ultrasound system equipped with tissue Doppler imaging capabilities (SSA-380A; Toshiba Corp., Tochigi, Japan). All examinations were carried out by a single experienced echocardiographer and required both patients and controls to assume the left lateral decubitus position. Simultaneous electrocardiographic and phonocardiographic tracings were obtained. measure blood¯ow velocities ± to provide measurements of ventricular wall motion velocity by positioning the sample volume within the myocardium. Velocity is slower (< 10 cm/s) and the Doppler signal amplitude greater (approximately 40 dB) in walls than in blood ow. In the PWTDI method, low-amplitude blood¯ow signals are eliminated by gain adjustment to allow only high-amplitude Doppler signals from wall motion to enter the velocity calculation circuit (11) .
Conventional echocardiography
Data acquisition Data were acquired by means of a commercial ultrasound system (SSA-380A; Toshiba Corp.), using a 3.5-MHz transducer. In each individual, PWTDI mapping of systolic and diastolic velocities along the LV provided visualization of six walls: lateral wall and posterior septum from four-chamber apical view, anterior and inferior walls from two-chamber apical view, and posterior wall and anterior septum from the long-axis view (12) . Each LV wall was divided into three myocardial segments: basal, mid and apical segments. A sample volume of 3 mm was positioned in the center of all segments of the six LV walls. In order to obtain the highest-frequency wall Doppler shift, the ultrasonic Doppler beam was aligned in a position as parallel as possible to the motion of each myocardial wall. We chose to analyze three myocardial segments (basal lateral wall, basal posterior interventricular septum and basal posterior wall) because of the optimal quality of the Doppler spectra at their respective levels. We chose the basal segments because they have an important role in the LV sphincter system. Six consecutive beats were recorded during held expiration. Three distinct waves were obtained and measured by means of the PWTDI signal of each segment during each cardiac cycle: a systolic positive velocity wave (Sv), an early diastolic (Ev) negative wave, and a late diastolic (Av) negative wave. PWTDI of the lateral wall frequently shows two systolic peaks. The measurement of peak velocity was made on a large positive wave of the Doppler signal during the major part of systole and the Ev/Av ratio calculated. IVRT of each segment (IVRTs) was measured as the interval from the aortic component of the second sound to Ev-wave onset. All parameters were measured during four consecutive cardiac cycles and their mean value calculated.
PWTDI values of hypertensive patients did not in¯uence the results.
Reproducibility
Intraobserver and interobserver variability, expressed as the mean values of the differences of the measurements, were assessed by analysis of seven randomly selected PWTDI recordings. Recordings were measured separately under blind conditions by two experienced echocardiographers. Repeated measurements were not made during the same scan session, but on separate days. Differences in observer bias were estimated for Sv, Ev, Av and IVRTs of each segment studied.
Statistical analysis
All group data are reported as means 6 S.D. Differences between control individuals and acromegalic patients were assessed by the Student's two-tailed t-test for unpaired observations. Correlations were calculated using Pearson's correlation coef®cient. All calculated P values are considered signi®cant at < 0.05. Table 2 shows the most signi®cant morphologic and functional parameters. LVMI was signi®cantly increased in acromegalic patients compared with that in healthy controls (P < 0.001), but did not correlate with the duration of disease (r = 0.355, NS). In no patient was right ventricular hypertrophy detected. Hypertensive acromegalic patients had greater values of LVMI compared with those in normotensive acromegalic patients, but the difference was not signi®cant (151.8 6 17.5 g/m 2 compared with 139.4 6 25.2 g/m 2 ). A normal systolic function assessed by EF was found in all patients. With regard to diastolic function, the E/A ratio was decreased in patients with acromegaly (with E/A ratio inversion in eight patients) in comparison with normal controls (P < 0.05); IVRT was increased (P < 0.001; Table 2 ).
Results
Conventional echocardiography
No correlation was found between the above echocardiographic data and serum GH or IGF-I concentrations at the time of examination, nor with the disease duration.
Other echocardiographic ®ndings in acromegalic patients
Results obtained were as follows: mitral valve prolapse in three patients, one with mild mitral regurgitation; mild mitral regurgitation without valve prolapse (four); enlarged left atrium (seven); interatrial septum bulging (four); biatrial enlargement (one); mild annuloaortic ectasia (four patients, three of whom had minimal aortic regurgitation); mild aortic regurgitation without annuloaortic ectasia (one); slightly increased systolic pressure of the right ventricle (three). These ®ndings were not more than would be expected.
PWTDI Table 3 summarizes myocardial velocities of the three myocardial segments analyzed. In acromegalic patients we observed a signi®cant involvement of both the Ev/Av ratio and IVRTs, with a decrease or invertion of the former (P < 0.001 in basal lateral wall segment; P < 0.005 in basal posterior wall segment; P < 0.01 in basal posterior septum segment) and prolongation of the latter (P < 0.005 in the basal posterior wall segment; P < 0.001 in the two other segments). Values for E/A ratio and Ev/Av ratio were correlated with IVRT, a parameter that was found to be equally modi®ed in all patients studied. The Ev/Av ratio of all myocardial segments was seen to correlate with IVRT (basal lateral wall segment r = ± 0.54, P < 0.002; basal posterior wall segment r = ± 0.38, P < 0.05; basal posterior interventricular septum r = ± 0.51, P < 0.005), whereas the E/A ratio did not correlate with IVRT (r = ± 0.29, NS; Fig. 1 ). In this study the mitral E/A ratio did not correlate with the duration of disease (r = ± 0.11, NS). We are of the opinion that this lack of a correlation does not weaken the results, because it is known that the mitral E/A ratio is in¯uenced by several factors (age, heart rate, preload and afterload). Mitral E/A signi®cantly correlated with Ev/Av ratio of the three segments analyzed: basal lateral segment (r = 0.885, P < 0.001), basal posterior segment (r = 0.518, P < 0.05) and basal interventricular septum segment (r = 0.862, P < 0.001).
When compared with that in normal controls, the basal lateral wall segment of acromegalic patients showed a signi®cant decrease in Sv (P < 0.01) ( Table  3 ; Fig. 2 ). A similar trend was observed in the basal posterior wall segment, although this difference was not statistically signi®cant (Table 3) . PWTDI values of hypertensive patients did not in¯uence the results.
Again, no signi®cant correlation was found between any of the above echocardiographic parameters and the serum GH or IGF-I concentrations, or with the disease duration.
Reproducibility
The means and standard deviations of the intraobserver and inter-observer differences are reported in Table 4 .
Discussion
Acromegaly and the heart
Acromegaly is a clinical condition characterized by chronic GH excess, the main cause of which is the presence of a GH pituitary adenoma (1) . Further to a direct anabolic effect on cardiac muscle (3), the majority of the growth-promoting effects of GH are mediated by IGF-I, which induces cellular proliferation either as an endocrine substance through the bloodstream or by local production within the tissue (1) . Cardiac hypertrophy is a frequent ®nding in acromegaly. In time, myocardial degeneration, coupled with conspicuous interstitial tissue ®brosis (13) , are destined to generate cardiovascular complications such as arrhythmias (4), hypertension and cardiac failure (2).
Conventional echocardiography: global systolic/diastolic function
Cardiac function and anatomy in acromegaly have been widely investigated by echocardiographic techniques. An increase in left and right ventricular mass induced by GH excess has been documented largely by this means (5, 14) . In the majority of patients, cardiac hypertrophy was concentric and independent of preload and afterload modi®cations (3). Thus, as a result of myocardial thickening and normal ventricular tension, acromegaly represents a unique model of cardiac hypertrophy associated with normal or decreased wall stress. When compared with healthy subjects, all acromegalic patients were found to be affected by cardiac hypertrophy. The degree of increased LV mass induced by GH excess correlated with the duration of the disease, but not with GH and IGF-I plasma concentrations (data not shown), thereby con®rming that its development is largely time-dependent (6, 13, 15, 16) .
A modi®ed diastolic ®lling pattern of transmitral¯ow and a prolongation of IVRT were found in association with increased LV mass. This abnormality appears to be the key defect in LV dysfunction in acromegalic cardiomyopathy, and depends on altered relaxation and increased stiffness caused by the hypertrophy and interstitial ®brosis.
In accordance with data in literature (5, 6) , in our acromegalic patients conventional echocardiography did not reveal modi®cations of systolic function compared with that in healthy individuals.
PWTDI: regional systolic/diastolic function
This innovative technique allowed a more detailed evaluation of the aforementioned abnormal LV ®lling and relaxation pattern in acromegalic patients. Use of PWTDI demonstrated a decreased or inverted Ev/Av ratio and a prolongation of IVRTs in each myocardial segment examined. On correlation of either mitral E/A ratio or Ev/Av ratio of each segment with IVRT, PWTDI indexes were seen to act as indicators of abnormal left ventricular diastolic ®lling, to a greater degree than transmitral Doppler indexes of conventional echocardiography. A possible explanation could be afforded by the fact that regional Ev/Av ratio is less affected than the mitral E/A ratio by extrinsic factors (such as loading conditions, heart rate, age) that in¯uence the diastole. A further reason for the increased sensitivity shown by PWTDI in recognizing diastolic dysfunction could be represented by the heterogeneity of regional myocardial contraction and relaxation. In agreement with previous evidence that the relaxation activity in the longitudinal axis is predominant in the lateral aspect of the left ventricular wall (17) , in our study the lateral walls were shown to be the worst affected.
Considerable echocardiographic evidence supports the view that uncomplicated acromegaly is accompanied by a normal systolic function (5, 6) . Radionuclide angiography, revealing an EF that was normal at rest but increased by less than 5% during exercise, was the only technique capable of revealing an impaired cardiac systolic performance, at least in conditions of stress (18, 19) . In the present study, PWTDI ± even in basal resting conditions ± was able to highlight a worsening of the systolic cardiac performance in acromegalic patients, represented by a decrease in the regional Sv at the level of the basal lateral wall segment. This ®nding, observed in patients with a clinically asymptomatic acromegalic cardiomyopathy, demonstrates a greater diagnostic sensitivity of PWTDI compared with conventional echocardiography. The regional limitation of systolic myocardial dysfunction to the lateral wall revealed by PWTDI could be ascribed to the essential contribution of this region to longitudinal LV systolic shortening. It has in fact been demonstrated that, compared with the septum, the lateral wall is characterized by greater longitudinal contractile activity in normal individuals (17) ; it might be because of this particular working load that the basal lateral wall segment was the ®rst myocardial region to show signs of systolic dysfunction in acromegalic cardiomyopathy.
In the present investigation no signi®cant correlation was found between any of the conventional and PWTDI echocardiographic parameters and the serum GH or IGF-I concentration at the time of the study. This ®nding is probably due to the particular composition of the study group: although all patients displayed active disease, they were very heterogeneous in term of age and disease duration. Furthermore, most of them have been followed at different Institutions in the previous years and data needed to calculate the area under the curve of mean GH level at any year since either diagnosis or onset of symptoms (which represents a good index of total tissue exposure to GH (20)) were not available. We recognize that this is an important limitation of this study, because of its preliminary nature: our main intention was to select as many patients with active acromegaly as possible, to ascertain the potential usefulness of PWTDI in this disease. Nevertheless, we are con®dent that this echocardiographic technique will be much more conveniently used in longitudinal studies involving acromegalic patients evaluated before and during or after treatment.
In conclusion, compared with conventional echocardiography, PWTDI provided new physiopathological details of the altered ventricular function in acromegalic cardiomyopathy and, further to the theoretical considerations, proved to be an ef®cient tool in the early detection of diastolic dysfunction induced by the disease. The successful initial application of PWTDI in studying acromegaly suggests its possible use in revealing early regional dysfunction in the entire ®eld of cardiomyopathies. In this repect, it could be used for quantitative measurement of decreased regional function in the absence of clinical and conventional echocardiographic signs of a systolic cardiac insuf®ciency.
Longitudinal studies carried out before and after treatment are needed to assess whether, and to what extent, this new echocardiographic technique would be useful for clinical management of patients with acromegaly.
